small amount of block that did develop recovered slowly (Fig. 3C ), like block of wild-type channels, indicating that F1764A did not alter the escape pathway, so the drug was trapped when the activation or inactivation gates closed.
Our results lead to a model of the local anesthetic receptor site in the pore of the Na' channel. Mutations F1764A, Y1771A, and I1 760A, which had the strongest effects on use-dependent block, are oriented on the same face of the IVS6 helix (Fig. 4) . F1764A and Y1771A reduced open and inactivated channel affinity by one to two orders of magnitude, and F1764A also had a smaller effect on resting channel affinity, suggesting that the native residues at these positions contribute to the free energy of drug binding. F1764 and Y1771 are hydrophobic (23) , aromatic residues separated by two turns of the S6 helix (Fig. 4 ), so they are about 11 A apart. Effective local anesthetics are approximately 10 to 15 A in length (24) , with positively charged and hydrophobic moieties at either end that could interact with these residues through hydrophobic (25) or wT electron (26) interactions. Therefore, we propose that F1764 and Y1771 are determinants of the local anesthetic binding site and that substitution of these residues with alanine destabilizes drug binding by reducing the hydrophobicity and aromaticity at these positions. 11760 is oriented on the same face of the helix as F1764 and Y1771 and is therefore well positioned to modulate extracellular access to the local anesthetic binding site. Replacement of the bulky isoleucine residue at position 1760 with alanine allows QX314 to reach the site from the extracellular medium, perhaps by passing directly through the pore from the outside. Thus, 11760 likely corresponds to a narrow region in the pore, just to the extracellular side of the local anesthetic binding site. The mutations 11761A, V1766A, and N1769A increased resting block without altering inactivated state affinity. Because these amino acids are oriented away from the face containing F1764, Y1771, and 11760 (Fig. 4) , they may be oriented away from the channel pore. Mutations to alanine at these positions may increase channel sensitivity to drugs through indirect effects on the local anesthetic site, perhaps by partially inducing the inactivated binding site conformation in functionally resting Na+ channels. 18 In the mouse hindbrain, between 9.0 and 9.5 days post coitum (dpc), Hoxb (14, 15) (Fig. 1) . A 1-kb fragment 5' of Hoxb-1 (cn 3) functioned as an enhancer on a heterologous promoter-lacZ reporter gene and generated (Fig. 2 , B and C), which is consistent with the idea that even-numbered rhombomeres, such as r4 and r6, may share properties that could include common regulatory factors (3) . Despite the fact that the enhancer generates expression in r4 (Fig. 2, A and C) , detailed analysis of the patterns reveals that the domain is not strictly limited to r4 and that some patches of expression are found in adjacent rhombomeres. Transgene expression spread into cells in r3 and r5 at a time when the endogenous gene and the 7.5-kb Hoxb-1-lacZ transgene (cn 1) were strictly limited to r4 (Fig. 2, D and E) . This suggests the absence of a negative control region that restricts expression in domains other than r4. We localized such a regulatory domain by adding flanking regions back to the 1-kb enhancer construct (cn 3). Addition of 3' flanking sequences (cn 2) or 445 bp of 5' flanking DNA (cn 7) did not alter the expanded r4 pattern (Fig. 1A) . However, a 741-bp 5' flanking Apa I-Spe I fragment (cn 8) acted as a functional repressor and restricted transgene expression to r4 with sharp boundaries at the r3/r4 and r4/r5 junctions (Fig. 2, G and H) . Single or tandem copies of the repressor alone were unable to stimulate expression in the hindbrain (cn 9; Fig. 1A ), which suggests that it works cooperatively with the r4 enhancer to restrict Hoxb-1 expression.
In situ analysis in chicks showed that Hoxb-1 has a similar r4-restricted expression pattern (6) . Therefore, the 5' flanking regions of the chick Hoxb-1 gene were cloned and tested in transgenic mice to determine if similar combinations of cisacting regulatory regions are involved in its regulation. A construct containing 1.6 kb of 5' flanking DNA (cn 10) produced expression in a domain spanning r2 to r6, with the greatest amounts in r4 and r6 and patchy staining in r2, r3, and r5 (Fig. 2F) . This pattern is similar to that generated by the mouse r4 enhancer lacking the repressor (Fig. 2D) . The ectopic expression in r2 and r6 might again be a consequence of common characteristics in even-numbered rhombomeres (3). Addition of more 5' flanking DNA (cn 11) specifically eliminated only the expression in r3 and r5 (Fig.  21) r4-restricted expression of Hoxb-1 in chick and mouse embryos.
To determine if the repressor region restricts spreading from r4 by specifically blocking expression in r3 and r5, we used an enhancer region from the Hoxb-2 gene (1 1). When tested on heterologous promoters, this enhancer stimulated expression in r3 and r5 (8, 11, 16) . However, when attached to two Hoxb-1-lacZ transgenes (cns 12 and 13; Fig. 1B) , the enhancer was unable to stimulate expression in r3 and r5 (Fig. 3A) . This confirms that a region of the Hoxb-1 gene inhibits expression in r3 and r5. Further deletion analysis (cns 14 to 17; Fig. 1B) showed that the repressor region is located in the Apa I-Spe I fragment and that elements in both the Apa I-Sac I and Sac I-Spe I subfragments were necessary but not sufficient to cooperate in blocking r3/r5 expression (Fig. 3, B and C) .
We also used this assay to examine the chick Hoxb-1 regulatory regions and to locate potential r3/r5 restriction elements. The Hind III-Kpn I (cn 20) but not the Pst I (cn 19) subfragment inhibited expression in r3 and r5 (Fig. 3, D and E) . This indicates functionally equivalent repressor regions in the mouse and chick Hoxb-1 genes, which coincide with regulatory regions (cns 8 and 11) involved in limiting expression of Hoxb-1 to r4.
To identify specific components of the repressor activity, we compared the sequence between the mouse and chick regions that display repressor function in transgenic mice. Despite the low overall degree of sequence identity, alignment of these fragments reveals a motif related to the consensus sequence for a retinoic acid response element (RARE) (17) , with a spacing of 2 bp between the direct repeats (DR2) (Fig. 1C) . In electrophoretic mobility shift assays (EMSAs) (18) , heterodimers between RARa or RARy and retinoid X receptor a (RXRa) receptors, but not homodimers, bound to double-stranded oligonucleotides spanning the mouse DR2 element (Fig. 4A) . Three point mutations (19) in each half of the direct repeats (mDR2; Fig. 1C ) eliminated the ability of the RAR-RXR heterodimers to bind to this site in vitro (Fig. 4A) .
In a transgenic construct (cn 18), containing the version of the mouse DR2 inactivated by mutation, linked to the r3/r5 enhancer, expression was no longer limited to r4 (Fig. 4 , B and C) and was similar to that that would be seen if the entire repressor region were deleted. With a construct lacking the r3/r5 enhancer, the mutated mouse RARE allowed transgene expression to spread from r4 into adjacent rhombomeres. Therefore, this Hoxb-1 5' RARE is an essential component of the repressor region. Through se-1730 quence homology, we have as yet been unable to identify additional components of the repressor.
Ectopic exposure of mouse embryos to retinoic acid (RA) at 7.5 dpc alters Hoxb-1 expression (7, 8, 20, 21) and transforms r2 to an r4 identity (8) . In association with this transformation, Hoxb-1 expression is induced in r2 and in first-arch neural crest (8, 21) . Therefore, we examined the RA response of several chick and mouse transgenes and mapped repression of Hoxb-1 in r3 and r5. Another DR2-RARE is located 3' of the mouse Hoxb-1 gene (23) . Unlike the negative function of the 5' RARE, this 3' RARE appears to play a positive role in Hoxb-1 regulation because it is necessary to establish the early neural pattern of expression (22) . Therefore, multiple RAREs, each with different functions, are involved and are required to regulate specific aspects of Hoxb-1 expression.
Restriction of Hoxb-1 expression to r4 is achieved by a combination of elements that first activate expression in a broad domain and later repress expression in certain subregions. This is analogous to the situation in Drosophila in which segmental expression is mediated by varying combinations of positive and negative regulation (24) and is distinct from the case of Hoxb-2, in which segmental expression in r3 and r5 is directly generated by the spatially restricted expression of the upstream activator Krox-20 in r3 and r5 (10, 11 (7) . In normal older animals, the patches of cortex labeled transneuronally were almost precisely complementary, which allows one to infer the distribution of the unlabeled eye's inputs in experimental material (Fig. 1) .
After 2 or 4 weeks of muscimol infusion, the region inactivated by muscimol was delineated physiologically by mapping the activity of cortical cells with microelectrodes ( Fig. 2A) . Drug infusion was then stopped, and the ocular dominance of cortical cells was determined after the effects of muscimol had subsided (8) . Thereafter, the ani-SCIENCE * VOL. 265 * 16 SEPTEMBER 1994
